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Introduction
50
Earthworms often represent a significant proportion of the soil biomass and hence 51 make an important contribution to the decomposition of organic matter, cycling of 52 nutrients and pedogenesis. It has been estimated that earthworms in arable and 53 grassland soils produce over 90 tonnes ha -1 of casts annually 1 . Earthworms can 54 survive and reproduce in soil anthropogenically-contaminated with metals [2] [3] [4] . It is 55 their importance in soil formation, functionality and ecosystem services that has led to 56 the introduction of earthworms to physically degraded or chemically contaminated 57 soils during remediation activities [5] [6] [7] . Earthworm inoculation has the potential to 58 become a commonly used practice during remediation and ecological restoration and 59 is therefore being investigated as such. However, generally earthworms increase the 60 mobility and availability of metals 8 . This clearly has significant implications for their 61 use in remediation. It has been suggested that the changes in mobility and availability 62 are a direct consequence of a reduction in soil pH or an increase in dissolved organic 63 carbon due to earthworm activity, leading to changes in elemental speciation 8 . 64
Alternatively the changes may be due to alterations to the microbial population or the 65 sequestration of metals into earthworm tissues and their subsequent excretion . Extracted phospholipids were derivatized according to Dowling et al. 24 and 182 analysed as fatty acid methyl esters by gas chromatography (Agilent 6890N, flame 183 ionization detector and a 30 m x 0.25 mm capillary column with a 0.25 μm film of 5% 184 diphenyl, 95% dimethyl siloxane) according to Frostegård et al. 25 alongside a 200 μL 185 C19:0 internal standard. The initial oven temperature was set at 60 ºC and raised to 186 145 ºC at 25 ºC min.
-1 and then to 250 ºC at 2.5 ºC min.
-1 and finally at 10 ºC min. Geochemical Exploration, Langfang, China) certified for As, Cu, Pb, and Zn. 210
Recoveries were 94%, 106% and 89% for Cu, Pb and Zn respectively. As was below 211 the limit of detection in the in-house reference plant material (6.3 mg kg 
Results and discussion
219
Mortality data and the concentrations of As, Cu, Pb and Zn in earthworm tissue are 220 presented in Table 2 . A. chlorotica showed the greatest mortality but there was no 221 increase in mortality over time. Metals and metalloids in solution will be mobile in soils through diffusion and 228 advection. In all treatments, including the earthworm-free controls, the concentration 229 of Cu and Zn in pore water increased significantly (p<0.01) with time (Table 3) . 230
However, the concentration of both Cu and Zn in pore water after 36, 64 and 92 days 231 was significantly greater (p<0.05) in the columns containing L. terrestris or E. veneta 232 compared with the control columns. This observation indicates that the mechanism(s) 233 by which the earthworms increase metal and metalloid mobility may be a process 234 already occurring in earthworm-free soils that is being accelerated by the presence of 235 the earthworms. By day 112 the As, Cu, Pb and Zn concentrations were significantly 236 (p<0.01) greater in the leachate from columns inhabited by L. terrestris compared 237 with the control columns (Table 4 and 5) . 238 239 These results are consistent with others in the literature [29] [30] [31] in which earthworm 240 activity in soils increased the concentration of water soluble metals. Although fewer 241 individuals of L. terrestris (2) were added to each column than for either E. veneta (5) 242 or A. chlorotica (20), the ratio of earthworm biomass to soil mass was in the order L. 243
terrestris > E. veneta > A. chlorotica (Table SI-1) and this probably accounts for L. 244 terrestris having the greatest effect on the metal and metalloid mobility in soil. 245 246
Impact of earthworms on metal and metalloid speciation 247
The bioavailability of metals and metalloids is controlled not just by the presence of 248 elements in solution but by their speciation [32] [33] [34] . Our modelling indicates that free 249 ions and fulvic acid complexes made up over 99% of the modelled Cu, Pb and Zn 250 species in all pore water and leachate treatments in these experiments. The decrease in 251 pore water and leachate pH and DOC with time (Tables 3 and 4) proportion that is in a more available form. 259
260
The vast majority (>99.99%) of the As in the leachate was modelled as As(V). The 261 leachate from earthworm inhabited columns had a significantly (p<0.05) lower pH 262 (Table 4) . Our observation that earthworm activity decreased 295 soil pH and water soluble carbon (Table 6) is consistent with the hypothesis that 296 earthworm activity mobilised Cu, Pb and Zn due to a decrease in pH, but not due to 297 the formation of organo-metal complexes. The decreases in pH do not, however, 298 explain the increases in As mobility, because the increasing positive surface charge of 299 the oxides with decreasing pH would facilitate the sorption of arsenate oxyanions. 300
However, the observed increases in As mobility can be explained by reduction of 301 As(V) to As(III) in the anoxic earthworm gut. 302
303
The mechanisms by which earthworm activity increases the mobility and availability 304 of metals are unknown (Table 6) . 314 315
Impact of earthworms on arsenic speciation in soil 316
The XANES spectra of all six earthworm-treated samples (faeces and bulk earthworm 317 worked soil) look the same as the spectrum of the control soil sample, with an edge 318 position characteristic of oxygen-bound As(V) (Figure SI 1) . This similarity to the 319 control sample indicates that no difference in the speciation of the arsenic in the soil 320 between the treatments was detectable. All seven EXAFS fits (one control soil, 321 earthworm faeces for all three species and bulk earthworm-worked soil for all three 322 species) were essentially the same (Figure SI 2 and Table SI 2) indicating that there is 323 no evidence that the earthworms excreted As into the soil in a structure different from 324 that present in the earthworm-free control soil. 325
326
There is evidence that earthworms sequester metals and metalloids within their 327 chloragogenous tissues in two distinct structures (O-donating, phosphate-rich granules 328 and S-donating ligands) and then subsequently excrete them in a form different from 329 that ingested 8, [44] [45] [46] [47] . It is not known whether these structures persist in the 330 environment after excretion and if they significantly impact on mobility and 331 availability. However, in the current study, there was no difference in As speciation 332 between earthworm casts, earthworm-worked soil and control soil detectable by 333 XAFS. This may be because the proportion of the As in the soil that was affected was 334 small compared with the bulk of the As and any changes in As speciation were below 335 the limits of detection using this technique. None-the-less, despite evidence that As 336 speciation is altered within earthworms as a detoxification mechanism [48] [49] [50] , we have 337 not been able to detect evidence for the persistence of these changes in the earthworm 338 worked soil. 339 340
Impact of earthworms on soil microbial community composition 341
There were distinct differences in the PLFA profiles for the different earthworm 342 species, as revealed by PCA. The first two components explained 58.3% and 16.5%, 343 respectively, of the variation in the data set, with the second principal component 344 separating the data according to the four earthworm treatments (Figure 2 ). The two 345 fatty acids with greatest influence on PC2 were 18:1ω9c (negative loadings) and 346 cy19:0 (positive loadings). The ratios of cyclopropyl fatty acids to their precursor cis 347 monounsaturated fatty acids are considered to be effective indicators of stress in soil 348 microbial communities 27, 51 . Therefore Figure 2 represents a separation of the 349 treatments in terms of the degree to which the microbial community is stressed. 350 Similar differences can be identified between the treatments when stress indicators 351 (ratios of the 18:1ω9t to 18:1ω9c and cy19:0 to 18:1ω9c fatty acids) are expressed on 352 a biomass basis (Table 8) . L. terrestris and E. veneta significantly (p<0.05) increased 353 these ratios and the patterns of this stress are closely correlated to the degree to which 354 earthworms mobilise metals and metalloids. 355
356
The soils inhabited by all three species of earthworm have a lower microbial biomass 357 than the earthworm-free control soil and this is a significant difference (p<0.05) for 358 the soil inhabited by A. chlorotica (Table 8 ). This is evidence that different species of 359 earthworm impact the microbial community differently. Wen et al. 30 showed 360 increases in the microbial populations (measured by the cultivation-based dilution 361 plate method) of soils in which Eisenia fetida increased the mobility and 362 bioavailability of metals. However, no relationship between the size (biomass) of the 363 microbial community and the mobility or availability of metals or metalloids in the 364 soil was found in the current study. It therefore seems likely that mobilisation of 365 metals and metalloids by L. terrestris and E. veneta resulted in a toxicity-related 366 change in microbial community structure rather than the earthworms altering the 367 microbial community which in turn mobilised the elements. It can therefore be 368 concluded that increased metal availability due to earthworm activity changed the 369 microbial community to a more stressed state. It is unlikely that the presence of dead 370 earthworms in the soil had any significant affect on the PLFA profiles. Mortality 371 occurred in only half of the replicates from the L. terrestris and E. Veneta treatments 372 and the same effects are observed when these replicates are removed from the 373 analysis. 374
375
Conclusion
376
Our data support the hypothesis that earthworms stimulate the degradation of organic 377 matter and release organically bound metals and metalloids into solution. The 378 degradation of organic matter also releases organic acids which decrease the soil pH. 379
The earthworms do not appear to carry out a unique process, but increase the rate of a 380 process that is already occurring. Evidence suggests that in multi-element 381 contaminated soils, such as the one used in this study, earthworms may enhance the 382 mobility and availability of metals and As. Thus, earthworms may increase the 383 efficiency of phytoremediation treatments when plants are employed to extract metals 384 and metalloids from the soils and accumulate them into their tissues. Conversely, if 385 the remedial strategy is to immobilise metals in situ via the addition of amendments, 386 earthworms may decrease the efficiency of remediation. The impact of earthworms on 387 the mobility and availability of metals and metalloids should therefore be further 388 quantified and considered during the risk assessment of contaminated soils or when 389 introducing earthworms into contaminated soil as part of a land remediation scheme. 
